Introduction
The characteristics of the nitrogen biogeochemical cycle are unique because of both the relative scarcity of the reactive forms of this element in the biosphere and the extreme mobility of a number of these reactive forms, in either the gaseous phase (ammonia and nitrogen oxides that are easily transported in the atmosphere over long distances) or the soluble phase (the high solubility of nitrate making it easily leached from the soil profile and transported through hydrosystems). Because of its scarcity in nature, reactive nitrogen has long been the most limiting element controlling the primary productivity in terrestrial and aquatic ecosystems, which is why the nitrogen cycle of natural ecosystems has remained so remarkably closed in spite of the mobility of this element [1] .
Together with the advent of the 'cheap' and unlimited industrial nitrogen fixation made possible by the Haber-Bosch process, a third factor of nitrogen mobility was recently added by human activity, namely the inter-regional or international commercial exchanges of agricultural goods. We will show in this paper that the nitrogen fluxes related to these exchanges today not only rival in intensity atmospheric and hydrospheric fluxes, but also are often a major cause of their enhancement at the regional and global scale.
While farms represent the smallest operational units at which decisions are taken, determining the fluxes of nitrogen associated with agriculture [2] , regional watersheds, composed of a mosaic of interacting natural, semi-natural, agricultural and urban landscapes, are the most convenient units at which to describe, but also to manage, the anthropogenic alteration of the nitrogen cycle [3, 4] . Indeed, drainage networks, as a water resource as well as a means of commodity transport, have historically played a prominent role in the localization of cities and the structural organization of their surrounding supplying rural hinterlands, often making watersheds a coherent territorial unit from the point of view of the distribution of human activities. Our analysis will therefore be centred on the regional watershed level.
Regional statistics provide the data required to establish coherent budgets and to feed models at the regional scale. To illustrate our concepts and approaches, we will use here published data on five well-documented, contrasted basins: the Seine and Scheldt [5 -7] , the Ebro [8] , the Mississippi [9] and the Hong [10, 11] . At the global scale, consistent data are much more difficult to obtain, although FAOSTAT [12] offers complete datasets on agriculture at the country level. Partly based on these data, the GlobalNEWS project has developed several modelling tools and approaches to calculate riverine nitrogen delivery to the coastal ocean and characterize the N metabolism of the world's 6080 watersheds [13] [14] [15] [16] . The global descriptions, budgets and scenarios elaborated in the present paper are largely based on the same input data (see the electronic supplementary material, §S1 for details).
First, we will adopt a black box approach to statistically relate the total anthropogenic input of reactive nitrogen into watersheds to its output through the hydrosphere. Then, we will describe and analyse some of the processes involved at the local ecosystem level and try to relate them to observed features at the watershed scale using a mechanistic modelling approach. Finally, we will examine the possible levers that can reduce environmental nitrogen pollution and address the question, at both regional and global scales, of the possibility of supplying food to growing populations while preserving water resources from eutrophication and nitrate contamination.
A black box approach to nitrogen cycle perturbation (a) Nitrogen inputs to watersheds
Anthropogenic reactive nitrogen input to watersheds occurs through four processes: crop N 2 fixation; synthetic fertilizer application; atmospheric deposition resulting from nitrogen oxide formation by motor traffic and electricity production; and, finally, net commercial import of food and feed. The sum of these four terms defines the net anthropogenic N inputs (NANIs), expressed in kg N km 22 yr 21 , thus characterizing the intensity of human perturbation of the natural N cycle [17] . The quantitative value of the first three processes can be derived from the GlobalNEWS database [15, 16, 18] . Table 1 summarizes the values of reactive N introduced into watersheds through N 2 fixation, N deposition and fertilizer use, as derived from these model data.
A value close to 100 Tg N yr 21 is estimated for atmospheric nitrogen fixation in natural areas. This is at the highest side of the estimations of terrestrial pristine N 2 fixation compiled by Vitousek et al. [19] , who argue that the pre-industrial value might be even lower, by a factor of two. Together, biological N 2 fixation by crops and fertilizer application today globally exceeds this natural biological nitrogen fixation, as underlined by several authors [20, 21] . Atmospheric deposition, excluding the internal recycling of ammonia volatilized and re-deposited within a short distance, mainly comes from nitrogen oxide emission through high-temperature combustion processes related to motor traffic and electricity generation. Globally, agriculture clearly contributes the largest share of the overall NANI. The contribution to the individual watershed N balance of food and feed commercial exchange is more delicate to assess, as international trade statistics [12] are obviously not suitable at that scale. We have introduced the concept of anthropogenic N autotrophy and heterotrophy to deal with this question [14] . The anthropogenic nitrogen autotrophy of a given territory is defined as its production of food and feed (harvested and grazed products, expressed as N content), and nitrogen heterotrophy as the N content of food and feed required to sustain the local human and livestock populations. The balance between autotrophy and heterotrophy is a measurement of the net commercial export (or import) of agricultural products, i.e. the surplus (or shortage) of agricultural production over the consumption by the local population and its livestock. Using this approach at the scale of the world watersheds makes it possible to (i) characterize their autotrophic or heterotrophic nature, hence the openness of their nitrogen cycle' (ii) assess the net flux of nitrogen introduced (or exported) as food and feed and (iii) calculate the distribution of NANI at the global scale (figure 1).
Comparing NANI with the natural nitrogen inputs (N 2 fixation in natural areas as estimated in the GlobalNEWS database) allows one to identify those watersheds where anthropogenic inputs equal or exceed natural inputs, which thus have transgressed the threshold of high perturbation of the nitrogen cycle. Collectively, these 'N-intensive' basins cumulate 84 per cent of the global NANI, while covering only 43 per cent of the total continental area (figure 1). Synthetic fertilizers most often are the dominant component of NANI in those basins; only a few of them are balanced The sum of the difference (autotrophy2heterotrophy ¼ export (or import) of agricultural goods) for all the watersheds is close to zero, indicating the internal consistency of the data (sum of imports ¼ sum of exports). The total commercial exchange is calculated as half the sum of the absolute value of this difference for all watersheds.
rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130123 in terms of autotrophy and heterotrophy (see the electronic supplementary material, §S2).
The commercial exchanges of agricultural products between watersheds contribute quite significantly to their N balance, the total flux involved at the global scale increasing from 11 to 16 Tg N yr 21 as NANI. In other words, around 70 per cent of the reactive nitrogen introduced by humans into the continental biosphere does not reach the coastal ocean but is retained in the landscape or eliminated by denitrification during its transfer-often designated as 'the nitrogen cascade'-along the land-wetland-river continuum. By definition, the above-described black box modelling approach cannot tell more about the fate of this 'missing' nitrogen, but it allows mapping the world's watersheds according to their nitrogen delivery [16] , as well as the amount of emission-retention along their N cascade. In the five abovementioned example watersheds, the relative importance of these two NANI pathways (delivery to the sea versus emission-retention) varies a great deal: in the Ebro River basin, the largest share of introduced reactive nitrogen is retained or dissipated upstream in the watershed, with very low transfer to the river outlet; hence, there are limited problems of coastal eutrophication [8] . The same is true for the Hong basin, but most of the retention occurs downstream in the delta area [22] . By contrast, in the Seine, Scheldt and Mississippi river basins, a much higher fraction of NANI is delivered to the sea, causing severe marine eutrophication in the receiving coastal waters [23, 24] . Although the processes responsible for the 'retention' of N along the N cascade are numerous and complex, Howarth et al. [17, 25, 26] have shown that their overall effect in terms of the fraction of net total nitrogen inputs delivered to the sea is highly correlated to climate, varying between 100 per cent in cold and humid regions to less than 10 per cent under arid and warm climate conditions. Billen et al. [14] have proposed a sigmoid relationship to represent the effect of specific run-off on the fraction of net total nitrogen input (NTNI ¼ NANI þ natural inputs) delivered to the sea (see the electronic supplementary material, figure S3 ).
Process analysis of the nitrogen cascade
To go beyond the black box input -output approach described earlier requires describing the mechanisms by 0-500 500-1000 1000-2500 2500-5000 5000-7500 > 7500
NANI (kg N km -2 y -1 ) Figure 1 . Distribution of NANI at the scale of the world's watersheds. Data from GlobalNEWS. Figure 2 . The historical trajectory of five typical watersheds in terms of autotrophy and heterotrophy (data sources: Seine and Scheldt: [5 -7] , Ebro: [8] , Mississippi: [9] , Hong: [10,11]) rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130123 which reactive nitrogen is channelled by anthropogenic action and natural processes into the different components of the watershed territory. Several terms of the net inputs of reactive nitrogen are functionally related to each other through the organization of agriculture. Basically, the very nature of traditional agriculture is to manage the transfer of nitrogen between the N-fixing and non-N-fixing components of the landscape mosaic in order to promote the growth of N-demanding cereal crops and to return to the soil the nutrients exported with the harvest. The spatial organization of these transfers, as well as the spatial distribution of livestock and human populations (either rural or urban), largely condition the major intentional N fluxes within and across regional watersheds. Considerable unintentional losses to the atmosphere and the hydrosphere are associated with these intended transfers. In this section, we discuss how to model these different processes.
(a) A generic model of the agro-food system Traditional agriculture benefits from the atmospheric nitrogen fixation capacity of semi-natural systems to provide the nitrogen resources required to grow cereals. In slash-and-burn agriculture, a long forested fallow is used to restore the nutrient stocks on which crops will be cultivated for 1 or 2 years. In irrigated agriculture, in alluvial valleys or delta areas, silt deposits from seasonal flooding, extracted from a large upstream watershed, are the sources of nutrient provisioning arable lands. In many other traditional agricultural systems, livestock is the main biogeochemical agent ensuring the transfer of nitrogen from N-fixing semi-natural areas to arable land, based on the use of manure for fertilization. Crop rotations including the cultivation of legume fodder crops in alternation with cereals strongly increase the net input of reactive nitrogen through symbiotic N 2 fixation and provide ample feed. In this way, livestock breeding and crop cultivation are intimately linked to each other, both functionally and geographically, which results in the balance between anthropogenic N autotrophy and heterotrophy.
The advent of Haber -Bosch industrial N 2 fixation offered the possibility of disconnecting crop cultivation and animal farming in those regions of the world where both activities used to be linked together. This resulted in the specialization of some areas in intensive crop cultivation based on synthetic N fertilization, whereas others specialized in animal farming largely based on feed imports from distant areas. The Seine and Mississippi basins illustrate the former situation, whereas the Ebro and Scheldt basins are examples of the latter, and the Hong remains a rather well-balanced basin (figure 3a and the electronic supplementary material, figure S4a). It is clear from the above discussion that territorial specialization induces fluxes in reactive nitrogen on the same order of magnitude as the other NANI components.
The scheme used in figure 3 to depict the organization of N flows in agriculture at the scale of the example watersheds can be generalized to any regional territory. It represents a functional model of agro-systems, linking arable land productivity, livestock and the semi-natural or managed grassland that contributes to its feeding, and finally, human food requirements.
Three crucial aspects of this model concern (1) the composition of the human diet, (2) the productivity of arable land and (3) the role of livestock.
(1) The human diet is obviously a major driver of territorial nitrogen metabolism. Both the total protein intake and the share of animal protein in the total vary greatly at the global scale, around the median value of 3.2 kg N per capita per year with 35 per cent animal protein (figure 4). The World Health Organization [27] recommends a mean per capita intake of proteins of 2.8 and 3.5 kg N per capita per year (respectively for women and men, with 55-75 kg body weight). (2) The relationship between the yield of cultivated crops and total fertilization (calculated as the sum of synthetic fertilizer and manure application, biological atmospheric N fixation by legumes, and atmospheric deposition), as calculated over the long term and integrated over the total of arable land of a given territory, typically shows an asymptotic curve expressing a trend to lower N use efficiency at higher fertilization rates (see figure 5 and the electronic supplementary material, §S4, figure S6 ). In every case, the single parameter relationship can be fitted to the data:
where Y max expresses the maximum yield at saturating fertilization.
The analysis of long-term data demonstrates the robustness of this relationship for given pedo-climatic conditions. It thus provides a strong internal constraint when establishing alternative scenarios of nitrogen flows through the components of agro-food systems.
Y max values for the different areas of the world range widely, from 1 to 500 kg N ha 21 yr
21
, with a median at 40 kg N ha 21 yr 21 (see the electronic supplementary material, §S4, figure S6c), reflecting the global diversity of agriculture productivity. In a number of basins, representing 20 per cent of the global population, the current maximum yield of arable land (Y max Â arable land area), added to the production of marginal and extensive grassland, is lower than the current food and feed requirement. These basins are intrinsically dependent on longdistance trade to sustain the population, whatever the level of fertilization of arable land may be. (3) Livestock in most agricultural systems play the double role of providing manure for arable land and animal protein as meat or milk for human nutrition. The conversion efficiency of feed into animal products for human nutrition, as calculated from the available FAO data, varies from 3 to 16 per cent (see the electronic supplementary material, §S4, table S1), depending on the degree of intensiveness or the share of ruminant versus monogastric animals in the livestock. The constraints exerted by these three aspects of the agricultural model determine to what extent local agriculture can or cannot meet self-sufficiency in food and feed supply. Imports or exports of feed, animal products and cereals are adjusted to the surplus or shortage of local agricultural production with respect to local requirements.
(b) Urban wastewater production
Because half the world's population lives in cities, the nutrients released from human excretion cannot easily be recycled back to the site where its food was produced. Although agricultural reuse of urban wastewater was once organized to a large extent [28 -30] , the modern trend is 
ammonia might play the major role in arid systems, whereas denitrification eliminates a major fraction of excess N in waterlogged soils where anaerobic conditions prevail, such as in paddy fields. The data gathered by Hofstra & Bouwman [32] suggest that denitrification in well-drained upland arable soils eliminates roughly 20 per cent of the total fertilizer (organic and synthetic) inputs; the rest is leached out of the root zone. Data from temperate arable soils (figure 6) show that leaching out of the root zone accounts for 80 per cent of the long-term soil balance, with the remaining 20 per cent fraction stored, volatilized or denitrified. In permanent grassland, sometimes heavily fertilized with mineral nitrogen and manure, leaching is much lower than the N soil surplus below a certain threshold (figure 6), and denitrification, together with storage in the soil organic pool, is likely to be the major fate of the agricultural N surplus.
Soil leaching of nitrate from excess fertilization of agricultural soils is the primary cause of groundwater nitrate contamination. Except when they contain pyrite, large unconfined aquifers are not the site of significant denitrification, through lack of reducing agents. Because of the often very long residence time in aquifers, the nitrogen concentration may not yet be in equilibrium with the nitrate concentration in the inflowing water, as is frequently observed [40, 41] . In this case, until equilibrium is reached, the aquifer temporarily stores nitrogen and releases less nitrogen than it receives.
(ii) Riparian and wetland denitrification Before reaching the drainage network, nitrogen flows associated with surface water and groundwater from the watershed have to cross those areas forming the interface between the river and the terrestrial systems, where the groundwater table often reaches the uppermost, biogeochemically active layer of the soil. When comparing the composition of small rural river water with that of the ground-and subroot-water feeding them, much lower nitrate concentrations are typically observed in the river, as well as an isotopic composition signal typical of denitrification [42] [43] [44] (see the electronic supplementary material, §S5). Indeed, the riparian areas are known to play a major role in the nitrogen cascade, as a site for agricultural nitrate denitrification and for N 2 O emissions [45] [46] [47] [48] . Exactly the same processes occur in areas of shallow groundwater, such as river flood plains and delta areas, where nitrate from agricultural soils is in contact with organic-rich alluvial material: in our conceptual model, these sites of intense denitrification and N 2 O emission at the interface between upland groundwater and surface water are considered as (admittedly large) riparian zones. This approach differs from that of Bouwman et al. [49] , who include in their soil and groundwater compartments what we consider as hotspots of denitrification in interface areas. This simple difference in the definition of the environmental compartments explains the (only apparent) discrepancies between the two approaches.
(iii) In-stream retention processes
Contrary to the processes described so far, in-stream retention affects the nitrogen load from both point and diffuse sources. Benthic denitrification is the main process leading to nitrogen elimination during its downwards travel through rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20130123 the drainage network. The process is controlled by the content of sediment organic matter, the nitrate concentration in the water column and the residence time of the water masses. Typical benthic denitrification rates observed in rivers and lakes are between 5 and 50 mg N m 22 h 21 [50] . Stagnant portions of the drainage network, such as ponds, lakes and reservoirs, are obviously hotspots of denitrification, because of both (i) the longer residence time of the water masses and (ii) the higher organic matter content of the sediments resulting from sedimentation of particulate organic material. Prolonged residence of water bodies in stagnant areas can lead to the elimination of a large fraction of their nitrate loading [8, 51, 52] .
(d) Comprehensive modelling of the nitrogen cascade through the drainage network
Only a few models are available to mechanistically represent the processes involved in the N cascade from agricultural soils to the river outlet, including a description of the seasonally variable hydrological transfer through the watershed and the drainage network. SWAT [53 -56] is one of them, mainly centred on the description of water and nutrient routing and transformation in the watershed controlled by plant dynamics; only mixing equations and simple parametric relationships are used for describing drainage network processes. INCA [57, 58] has similar characteristics. Seneque/ Riverstrahler [7, [59] [60] [61] [62] directly uses agricultural surpluses and urban point sources as input but describes the N dynamics within the drainage network in greater detail, using a kinetic formulation for each process. From these models, a detailed budget of the processes involved in reactive nitrogen elimination throughout the N cascade of individual watersheds can be calculated for individual watersheds (table 2).
Managing the nitrogen cascade: the levers for change
As discussed earlier, a number of watersheds in the world receive a large amount of reactive nitrogen from anthropogenic sources. By far the largest of these inputs are related to agriculture. The excess of total fertilization of agricultural soils over crop export directly threatens the quality of air as well as of ground and surface water resources. River water quality is partly protected through denitrification in soils, riparian wetlands and river-bottom sediments, but this process results in enhanced N 2 O emissions, and freshwater ecosystems still suffer from excess nitrate concentration, which threatens aquatic biodiversity. The nitrogen fluxes ultimately delivered at the coastal zone, even if they account for a mean of less than 30 per cent of the total N fluxes introduced into the watersheds, are still too high and locally cause severe eutrophication problems depending on the morphological and hydrological characteristics of the receiving coastal ecosystems.
(a) Technical measures to manage the nitrogen cascade
Levers for the management of the nitrogen cascade aiming to reduce environmental losses can be identified along the entire land-wetland -river continuum. These measures are ranked hereafter by increasing difficulty of implementation. Tertiary treatment of urban wastewater is technically feasible and is rapidly being implemented in developed countries as part of the measures to combat marine eutrophication.
In the European Union, N elimination, most often through denitrification, is now compulsory for wastewater treatment plants serving more than 10 000 inhabitants. However, in addition to the fact that this measure is extremely cost-intensive, it wastes fixed nitrogen and contributes to N 2 O emissions [63] . Moreover, urban point sources are definitely not the major Landscape management, for example, construction of artificial, or the restoration of artificial, wetlands or ponds, is very promising [64] , but also contributes to N 2 O emissions [47] . Today, riparian and alluvial wetlands eliminate about half the diffuse nitrate pollution of river systems (see above). The protection of these areas, namely against till drainage or insulation of the river from its alluvial plains, is therefore crucial; it should be coordinated with flood control measures.
Improving agricultural practices is certainly the most cost efficient way to reduce nitrogen contamination at the source. The relationship depicted in figure 5 suggests two approaches to reducing the potential for N loss of agricultural soils: increasing N use efficiency at constant fertilization and/or reducing total fertilization. Good & Beatty [65] have recently discussed the possible technical measures that could be implemented at the global scale in this area. It is clear, however, that reducing total fertilization remains necessary in the most intensive agricultural areas of the world, which will lead to some reduction of global crop production. This therefore sets the dilemma between food production and the preservation of water resources (including drinking water production) and biodiversity: can we feed the world while preserving the environment? Three important papers have recently been published on the issue of food security and environmental conservation. Foley et al. [66] analyse the potential for improving the productivity of underperforming lands, increasing cropping efficiency, shifting diets and reducing waste. Bouwman et al. [67] examine the role of livestock in the world food system. Tilman et al. [68] shown that more efficient nutrient use and moderate agriculture intensification focused on those existing croplands that have current yields well below their potential can equitably meet the increasing food demand at the 2050 horizon with a sustainable environmental impact. A similar conclusion is reached by Mueller et al. [69] .
(b) Localization of production and consumption and change in the human diet
As the above-mentioned analysis has shown that the basins with the highest disturbance of the N cycle, as judged by their NANI value (figure 1), often show a considerable imbalance between anthropogenic autotrophy and heterotrophy, we would like to explore another line of thinking, raising the question of localization of agricultural production and consumption. There is presently a lively debate on the possibility of local sourcing of the urban food supply, with the aim of supporting local agricultural communities, increasing food security and sovereignty and restoring the link between cities and their rural hinterland. The major cause of the extension of the 'foodprint' of large cities lies in the specialization of some territories either in export crop production or in livestock farming based on imported feed [70] [71] [72] . This industrial livestock husbandry responds to the current global increase of animal protein consumption. However, more and more voices advocate a reduction of animal protein consumption in industrialized countries, for reasons of public health [73, 74] and environmental protection [75, 76] , and as a condition for world food security and equity [77] .
For the Seine basin, a local, organic and 'demitarian' [76] scenario has been constructed and analysed by Billen et al. [71] (figure 3b). It obeys the following principles: livestock is adjusted to meet the requirements in animal protein of the local population (with the assumption of a 'demitarian' diet, i.e. 35-40% animal proteins); the livestock is fed only with locally produced feed; no synthetic fertilizer is used and arable land is fertilized with locally N 2 -fixing crops and the subsequent manure and crop residues; the area of the latter is adjusted to meet the requirements of livestock; the production of non-fixing arable land (mostly cereals) is calculated from the total fertilization rate, as is the leached nitrogen surplus (using the relationship illustrated in figure 5) ; the cereal production supplies first and foremost the local population, whereas the excess is available for export. This scenario was demonstrated to be able to reconcile the dual function of rural areas, namely feeding the city and producing high-quality water, while allowing the Seine basin to continue exporting a large share of its cereals production, notably with a larger net export of proteins than in the current situation [71] .
We have applied the same principles to the four other example watersheds (figure 3b and the electronic supplementary material, §S6). The constraints were to satisfy a per capita protein requirement of 6 kg N yr 21 with 40 per cent from animal origin for the current population of each watershed, Table 2 . Budget of N transfers along the cascade from agricultural soils to the river outlet in a number of regional watersheds. Data from [7 -10] ; see electronic supplementary material, §S5 for a graphical representation of the same data. n.a., not available. without recourse to either synthetic fertilizers or feed import, while keeping the nitrate in arable land leaching water (surplus diluted in the infiltrated water flux) below some threshold limit (we arbitrarily choose the value of 11 mg N l
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, the WHO standard for drinking water). In all cases, the scenarios meet the new requirements of the local population and strongly reduce nitrogen contamination of the hydrosphere. Only in the case of the heavily populated Scheldt basin, import of animal products remains necessary to satisfy the human consumption of meat and milk, even greatly reduced as in this scenario. In the Hong basin, the scenario increases both the total protein consumption and the share of animal products while reducing diffuse nitrogen contamination of water resources.
(c) Application to the world's watersheds
In an attempt to evaluate the potential global effects of localizing food production and consumption at the watershed scale, the same principles were applied stepwise to the world watershed data. The detailed procedure, which is based on the information available in the GlobalNEWS database, is presented in the electronic supplementary material, §S6. In essence, for each world watershed in its current situation, it consists of optimizing fertilization of arable land in order to meet the local food and feed requirements as far as possible while maintaining the agricultural soil N surplus below some stated threshold, taking into account the current relationship between yield and fertilization. An obvious constraint is that, at the global scale, total arable land production plus production of extensive and marginal grassland should match the total food and feed requirements: the threshold soil N surplus is gradually increased until this condition is met.
The first scenario, which will be used as a reference (REF), is constructed by adjusting the use of synthetic fertilizer in each watershed, taking into account the current recorded rate of symbiotic N fixation and atmospheric deposition, as well as the available manure at the current livestock distribution. The results differ a little from the original GlobalNEWS data as nitrogen fertilizer use has been recalculated taking the earlier-mentioned constraints into consideration: the overall global N soil surplus is a little higher, for a slightly lower global use of fertilizer (table 3); these differences are not significant, however, supporting the coherency of the approach used below to establish the scenarios.
In a second scenario (LOC), the livestock is redistributed per watershed to meet the local requirements of the current human diet. Nothing else is changed with respect to the current situation in terms of the area of arable land and permanent grassland, of the production of extensive and marginal grassland and of the efficiency of vegetal to animal protein conversion rates. The rate of synthetic fertilizer application to arable land is then calculated by watershed according to the same rule as explained earlier. The results of this scenario (table 3) reveal that less livestock would be needed for meeting the current animal protein requirements than in the current situation and that the better distribution of manure resources results in a lower level of synthetic fertilizers, with a lower agricultural N soil surplus.
Currently at the global scale, synthetic fertilizers account for 34 per cent of the total fertilization of arable land, whereas symbiotic nitrogen fixation directly accounts for only 13 per cent. Peoples et al. [78] have stressed the fact that the potential of symbiotic nitrogen fixation is currently largely underexploited, as very few countries have a fraction of arable land devoted to legume crops higher than a few per cent. Increased areas of legumes might be achieved by including more leguminous crops in rotations or by the introduction of short-duration legume green manures or 'catch crops'. In organic farming systems in Europe, legumes can occupy as much as two-thirds of the arable area, with the succeeding cereal crop yields typically 30 per cent lower than those reached under conventional chemical fertilization [79] . These practices have several advantages because, contrary to the use of synthetic fertilizers that may be difficult to access for either geographical or economic reasons, they represent local and mostly free sources of reactive nitrogen. To evaluate the global potential in symbiotic N fixation, we have calculated an extreme scenario, starting from the above LOC scenario and replacing synthetic fertilizers with an adjusted fraction of arable land devoted to fodder legume crops (LOC-ORG scenario). As a conservative estimation, we assumed that the yield of this legume crop is limited to the current Y max of the corresponding watershed ( figure 6 ) and that total (shoot þ root) N fixation represents 1.4 times the harvested yield [78] . The results clearly show that symbiotic N fixation has the potential to support a localized agricultural production throughout the world, with significantly lower losses of N to the environment as judged by the corresponding agricultural soil surplus (table 3) .
The effect of changing the human diet at the global scale warrants a special discussion. Obviously, the debate raised ) if the total amount of protein intake is not changed. The LOC-DIET scenario following this target shows that such improvement of the current world food situation would require less synthetic fertilizer (because of a better distribution of manure resources) and result in a lower agricultural surplus than the LOC scenario with conventional agriculture. Note also that this scenario, like the preceding ones, assumes no changes in the current conversion efficiency of vegetal to animal protein by watershed: the differences in the efficiency of livestock between the different parts of the world are considerable, and the results of the scenario depend heavily on this parameter. Bouwman et al. [67] have already discussed this issue, namely in connection with the difference between the efficiency of red and white meat production.
Finally, we tested the possibility of meeting the food requirements of the above-mentioned LOC-DIET scenario in purely organic agriculture. This scenario (LOC-ORG-DIET) is able to provide the required food with better environmental performance in terms of agricultural soil surplus than the conventional LOC-DIET scenario (table 3) .
Although the scenarios explored here are simple exercises for defining the potential of some radical changes in the agrofood system at the global scale, their results are quite intriguing. They clearly show that it is possible from an agronomical and biogeochemical point of view to meet the requirements of the world population with a much lower environmental impact than those characterizing the current agricultural system. Independently of the governance issues involved, acting on the very structure of the agro-food system offers a much more efficient lever to mitigate the effects of the nitrogen cascade than many other environmental measures.
Conclusion
The data discussed in this paper provide a schematic of the nitrogen cascade at the global scale (figure 7), which stresses the prominent role of agriculture and livestock farming in initiating the whole chain of processes ultimately leading to atmospheric pollution and coastal marine eutrophication. Our approach conceptually differs from that of Bouwman et al. [49] in that we include riparian zones, foot slope areas, floodplains, delta areas and more generally all areas where groundwater meets the upper, biogeochemically active layer of the soil before joining the river network, as the interface between the terrestrial and surface water system. Denitrification in this interface is evaluated at about 50 Tg N yr ). On the other hand, the total N delivery to the ocean is estimated at 43 Tg N yr 21 by the GlobalNEWS model [15] , thus indicating a contribution by natural areas of 35 per cent (range, 30-58%). Clearly, agricultural soil leaching today is the most significant contributor to groundwater and surface water contamination ( figure 7) . Data discretization by watershed shows the very heterogeneous distribution of the factors responsible for the perturbation of the nitrogen cycle, with, as indicated earlier, a cumulated 84 per cent contribution to the global NANI by the basins covering only 43 per cent of the total continental area ( figure 1) . Similarly, 25 per cent of the global arable land produces 50 per cent of the global agricultural N soil surplus initiating the nitrogen cascade (see the electronic supplementary material, §S6).
Levers for change towards reducing nitrogen environmental losses exist at many stages of the nitrogen cascade, including technical measures for improving crop and livestock farming practices, for preserving or enhancing the natural filter effects of wetlands, and for reducing the discharge of urban wastewater and the emission of nitrogen oxides stemming from motor vehicle traffic and electric power generation. However, the few example scenarios analysed herein showed that structural issues related to the spatial organization of the world food system and the composition of the human diet are highly significant in determining the environmental losses of nitrogen. The challenge of providing to all humans on the planet an adequate protein diet will undoubtedly require more directly reconnecting crop production and livestock farming and localizing agricultural production and consumption. The idea that solving the problems of our hungry planet by further intensifying agriculture in the most productive regions of the world together with developing commercial trade of agricultural products [80] should be considered with great caution. On the contrary, the scenarios we have presented here suggest that reorganizing agro-food systems in order to better match the local food and feed demand by local agricultural production, and better use the potential of N 2 -fixing crops, would not only 'feed the world', but also considerably reduce, at the source, the dissipation of reactive nitrogen into the environment. Such actions, although technically very simple, go against deep and strong trends in the logic of the current organization of the agro-food system, characterized by the competition within an open and globalized market between a very large number of small, often poor producers and a small number of large organizations able to manage very large fluxes of agricultural goods [81] . Considerable governance issues are therefore involved to make these changes possible and the global food system more fair and sustainable.
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